Projections of global warming in Africa are generally associated with increasing aridity and decreasing water availability. However, most freshwater assessments focus on single hydroclimatic indicators (e.g., runoff, precipitation, or aridity), lacking analysis on combined changes in evaporative demand, and water availability on land. There remains a high degree of uncertainty over water implications at the basin scale, in particular for the most water-consuming sector-food production. Using the Budyko framework, we perform an assessment of future hydroclimatic change for the 50 largest African basins, finding a consistent pattern of change in four distinct regions across the two main emission scenarios corresponding to the Paris Agreement, and the business as usual. Although the Paris Agreement is likely to lead to less intense changes when compared to the business as usual, both scenarios show the same pattern of hydroclimatic shifts, suggesting a potential roadmap for hydroclimatic adaptation. We discuss the social-ecological implications of the projected hydroclimatic shifts in the four regions and argue that climate policies need to be complemented by soil and water conservation practices to make the best use of future water resources.
Introduction
Attaining the Sustainable Development Goal No. 2 of hunger eradication in Africa, the continent with the world's highest malnutrition (Bain et al., 2013) , highest estimated population growth (Asongu, 2013) and severe water scarcity (Porkka et al., 2016 ) is a major challenge. Additionally, anthropogenic climate change is expected to further compromise water availability and food security in the next decades (Arnell, 2004; Rockström et al., 2017) , considering that Africa is highly dependent on hydroclimatic resources (Collier et al., 2008) and has low adaptive capacity to these changes (Downing et al., 1997) .
To prevent the negative consequences of climate change, the international community recently committed to constrain anthropogenic global warming within the Paris Agreement (UNFCCC, 2015) , but the effectiveness of complying with the 2°target for African water resources is still debated (Easterly, 2009; Raftery et al., 2017) . The reason is that, to date, there is no comprehensive assessment of the impact of different climate change scenarios on African water resources. In fact, model-based assessments usually rely on separate analysis on hydroclimatic parameters such as precipitation (P; Giorgi et al., 2014) or runoff (R; Boko et al., 2007; Goulden et al., 2009; Nohara et al., 2006) , commonly used to measure water availability (Faramarzi et al., 2013; Mekonnen & Hoekstra, 2016) . For P, climate projections foresee a general decrease over Northern and Southern Africa and increase in the equatorial region and the Sahel (Huntington, 2006; Karl & Knight, 1998) . In relation to R, some studies predict a decrease over Southern Africa (Hagemann et al., 2013; Vörösmarty et al., 2000) , increase over eastern equatorial Africa (Schewe et al., 2014; Vörösmarty et al., 2000) and potential severe water stress-defined as total water demand over runoff-in North Africa, Sahel, Horn of Africa, and South West Africa during the first half of the current century (Milly et al., 2005) . In addition, climate models also show a ubiquitous decreasing trend in soil moisture (Sm) in the coming decades (Sheffield & Wood, 2008) . These hydroclimatic changes may affect crop production, putting an extra burden on countries where migration of famine refugees has caused conflicts and social tensions (Nnoli, 1990) . However, the high uncertainty related to the projections of P, R, and Sm (Scheff & Frierson, 2015; Teng et al., 2012) calls for an increased effort in hydrological assessment to provide more consistent estimates of future hydroclimatic trajectories. In fact, hydroclimatic impacts based on only one parameter (e.g., P or R) are highly conditioned by the resolution and reliability of the models to capture ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. the specific physical processes related to that parameter (Sylla et al., 2013) , while the assessment based on multiple hydroclimatic parameters can reduce this uncertainty (Trenberth et al., 2003) . Another major limitation with assessments based on single hydroclimatic parameters is that they do not consider cumulative effects (e.g., what happens if R increases and Sm decreases simultaneously?) providing partial information that can cause misleading interpretation and uninformed planning (Dai, 2011a , Hirabayashi et al., 2008 .
What determines water availability for food production and ecosystems, particularly on the African continent where >95% of agriculture is rainfed (Schuol et al., 2008) , is the net amount of water in soils after subtracting loss of water due to evaporation. In this context, hydroclimatic assessments, looking at the combined effect of changes in P, potential evapotranspiration (PET), and actual evapotranspiration (E; Weiskel et al., 2014; Scheff & Frierson, 2015) , can better describe the overall effect of climate warming on the hydroclimate (Bring et al., 2015; Gudmundsson et al., 2017; Huntington, 2006) . In fact, over long time scales, the partitioning of water between R and E is controlled by water and energy availability in terms of P and PET (Budyko, 1971) . PET depends on energy among other factors, and it is expected to increase with global warming as temperatures rise (Morsy et al., 2016) , modifying the patterns, magnitude, and seasonality of P (Dore, 2005) , with unclear effects on aridity and water partitioning. For instance, in regions where the increase in P is less relevant than the increase in PET, the net water balance would lead to an increase in aridity conditions (aridification; see Sherwood & Fu, 2014) ; however, the assessment based on changes in P only would predict increasing water availability leading to potential misinterpretations.
In this work, we use the Budyko framework (Budyko, 1963) to provide a comprehensive hydroclimatic assessment of the impact of the two main Representative Greenhouse Gas Concentration Pathways (RCPs)-the Paris Agreement (RCP4.5) and the business as usual (RCP8.5). The RCPs are climate projections forced with distinct greenhouse gas concentrations, generally covering the period 2006-2099. The RCP4.5 corresponds to the midrange mitigation emission scenario adopted by the Paris Agreement, while the RCP8.5 represents the highest emission rate from a business as usual scenario-a scenario without any emission mitigation strategy.
The Budyko framework provides a relationship between the aridity index (PET/P) and the evaporative ratio (E/P). As such, we refer to the mathematical space generated by PET in the x axis and E/P on the y axis as the Budyko space. Looking at the ratios between the key water and energy balance parameters can give a general insight on the main wetting and drying trends (Greve et al., 2014) , linking changes in energy demand driven by climate warming to resulting effects on water partitioning and water availability on land. We first use the multimodel ensemble data from nine Earth system models (ESM) within the CMIP5 project (Taylor et al., 2011) that have simultaneous fine-scale data on temperature (T), P, R, E, and Sm to characterize in the Budyko space the aridity and water partitioning conditions in the 50 largest African basins. Second, we compare the hydroclimatic changes expected for both scenarios, here referred to the changes in the main hydroclimatic parameters (P, R, E, Sm, PET/P, and E/P). Finally, we cluster African basins into four hydroclimate change groups, highlighting potential implications for human and agricultural activities. This classification may be used by water-related stakeholders to understand the main trade-offs and synergies of forthcoming hydroclimatic change and water management and to plan sustainable strategies for eradicating hunger in Africa.
Data and Methods
To investigate the impacts of the two RCPs-RCP4.5 and RCP8.5-on African hydroclimate, we calculate hydroclimatic changes between the periods 1960-1989 and 2070-2099 for the RCPs and the historical experiment. The historical experiment consists of a set of simulations forced by observed atmospheric conditions from both natural and anthropogenic sources-including land cover modifications-covering the whole twentieth century.
We used simulations from nine ESM (models' characteristics in supporting information Table S1) within the Coupled Model Intercomparison Project (CMIP5). The CMIP5 simulations have been used in previous studies for direct calculation of hydrological fluxes in basins greater than 10,000 km 2 without necessary downscaling (Asokan et al., 2016; Bring et al., 2015; Flint & Flint, 2012 ). In the model selection process, we excluded the lower-resolution models (>2.5°resolution) because of their poor performance when 10.1029/2019EF001169
Earth's Future reproducing T, P, and E for Africa (Bhattacharjee & Zaitchik, 2015; Kharin et al., 2007; Siam et al., 2013) . Nine is the maximum number of CMIP5 models providing all the variables used in this study. The variables taken from the CMIP5, (with their original database names in brackets) are total soil moisture content (mrso), runoff (mrro), specific humidity (hus), surface downwelling shortwave radiation (rsds), air temperature (ta), precipitation (pr), evapotranspiration (evpbs), and surface air pressure (ps)-for the three experiments analyzed ("historical," "RCP4.5," and "RCP8.5"). The reason of the (relatively) limited number of models used in this study is because usually multimodel ensemble studies focus on the atmospheric component of ESM. The atmospheric component is the most common and well studied within the CMIP5 project, so a large number of models provide simulations for atmospheric variables (e.g., precipitation and radiation). Unfortunately, not all ESM have a complex land system component, which is the one computing soil moisture and (in most cases) runoff. Since our study aims at providing a comprehensive analysis on the main component of the water cycle interacting with climate, only nine models could provide the necessary atmospheric and land system variables for the three experiment used in our analysis.
Since climate simulations are dependent on their initial state (i.e., the values of some physical parameters set to represent the climate variability), the CMIP5 models produce ensembles of simulations with different initializations to capture the natural climate variability, called realizations. In our analysis, the realization r1i1p1 (r: realization, i: initialization, and p: perturbation) was used, in analogy with other studies (Bring et al., 2015) , because it provides the largest number of simulations.
Geospatial data of African basins were derived from the Global Runoff Data Centre (2017). We first selected the basins with surface areas larger than 10,000 km 2 (53 in total) to deal with the coarse resolution of some models' outputs. We later excluded some river basins such as the Doring in South Africa, Sebou in Morocco, and Lake Turkana in East Africa, because not all the models could cover their extent given their coarse resolution. Hence, the final number of basins analyzed in this study became 50, covering the 62.2% of the total African surface. The 50 basins are located mostly in sub-Saharan Africa, leaving only small coastal basins and desert areas (e.g., Namibia and the horn of Africa) out of the basin coverage.
Estimation of PET
Because estimation of aridity may be very sensitive to the methods behind the calculation of PET (Milly & Dunne, 2016; Seneviratne, 2012) , we computed PET in two different ways: the open water Penman-Monteith PET, here referred to as PET OW (Dai, 2013; Donohue et al., 2010; Sheffield et al., 2012) , and the energy-only PET suggested by Milly and Dunne (2016) and used specifically for CMIP5 model outputs, here referred to as PET EO (Milly & Dunne, 2016) . We calculated the average of the two different methods to estimate mean PET at the basin scale. The two PET equations are the following:
where R n (mm/day) is the net radiation; u (m/s) and G (mm/day) are the wind speed at 2-m height and the heat flux into the subsurface, respectively. The values of u and G were set to 1 and 0, respectively, as PET has been previously tested on these parameters and found to be largely insensitive to their variations (Cook et al., 2014) . The term 0.8 of the PET EO equation represents the fraction of available energy that goes into latent heat flux (Milly et al., 2016) , estimated by Koster and Mahanama (2012) to be about 80% based on observation-model analysis.
The L v is the latent heat of vaporization of water (MJ/kg), given by
where T (°C) is air temperature at 2-m height; e (kPa), e s (kPa), and Δ (kPa/K) are the vapor pressure at 2 m (equation (4)), the saturation vapor-pressure function (equation (5)), and its derivative with respect to T (equation (6)), respectively, while γ (kPa/K) is the psychrometric constant (equation (7)).
Analysis of Hydroclimatic Change in the Budyko Space
We analyzed changes in PET/P and E/P within the Budyko hydroclimatic framework to describe the future trends in aridity and water partitioning. The Budyko framework describes the relationship of the partitioning of water and energy on land, considering that evapotranspiration is limited by the availability of water (i.e., P) and energy (i.e., PET). The relationship between PET/P and E/P has been analytically described by a set of Budyko-type equations (e.g., Choudhury, 1999; Yang et al., 2008 ) expressing E/P as a function of PET/P. For example, the "Budyko-type" formulation of Yang et al. (2008) is a climatic model of E/P in terms of PET/P and other parameters representing the effect of basin characteristics, such as vegetation, soils, and topography. A basin that changes its hydroclimatic conditions from a period 1 (p 1 ) to a period 2 (p 2 ) can be represented in Budyko space by a point moving from the initial conditions p 1 to the final conditions p 2 ( Figure S1 ). These conditions should be constrained to the limits E/P < 1, E/P > 0, and E/P < PET/P. Under the hypothetical condition that the changes in PET/P are the only drivers of change in E/P, the basin will move to a new location along the Budyko-type curve representing the characteristic initial climatic and catchment conditions. However, in a more realistic scenario where E/P depends not only on changes in PET/P but also on other drivers in the landscape, the basin can move anywhere in Budyko space (van der Velde et al., 2014).
We then define the total hydroclimatic change experienced by any basin over time as the movement vector ( h ! s ) in the Budyko space between the two points representing the initial and final hydroclimatic conditions of the basin. As such, the horizontal component of the movement vector is the difference between the 30year annual means of PET/P of the periods 1960-1989 and 2070-2099, Δ (PET/P), and the vertical component the difference between the 30-year annual means of E/P of the periods 1960-1989 and 2070-2099, Δ(E/P). These periods have been often selected to study the future hydroclimatic conditions of a given basin and its corresponding change (Bring et al., 2015; Feng & Fu, 2013) .
The intensity of the total movement (I s ) is the magnitude of the vector, and the direction (θ s ) is the clockwise angle between h ! s and the positive y axes, as follows:
where b = 450°when Δ(E/P) > 0 and Δ (PET/P) < 0, and b = 90°.
We used this vector representation to depict the movements of the 50 largest African basins in the Budyko space, visualized by a wind rose diagram. Wind rose plots aggregate information on intensity, direction, and frequency of the movement. This type of diagrams has been used in global hydroclimatic change assessments. We used this approach to depict simultaneously the hydroclimatic movement in the Budyko space for the 50 largest African basins for both the RCP4.5 and RCP8.5, following Jaramillo and Destouni (2014) . All the basins with movements in Budyko space in a particular range of direction are grouped in a petal.
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Identification of Future Hydroclimate Change Regions
To infer possible regional patterns of future hydroclimatic change, we clustered the basins in four main groups according to their current aridity conditions and their forecasted change in PET/P, E/P, P, and Sm.
We first classified the basins in two main aridity classes using the average value of the PET/P in the period 1960-1989 as measure of aridity. Because of the diverse-and inconsistent-approaches used to delineate the boundaries between aridity classes (Gamo et al., 2013; Maliva & Missimer, 2012; Thornthwaite, 1948) , we here used a simple method to split our group of basins in two major aridity groups, those tending to arid conditions and those to humid ones. As a threshold, we used the median PET/P value of the 50 African basins (PET/P = 2.4) to have a comparable number of basins in both aridity classes, so that the basins with condition PET/P > 2.4 were classified as arid and the remaining (i.e., PET/P < 2.4) as humid. The value 2.4 is a suitable threshold because it falls in the transitional semiarid group (2 ≤ PET/P < 5) of the United Nations Educational, Scientific and Cultural Organization (UNESCO) classification of climate zones based on aridity index (Barrow, 1992) .
For each aridity group we then performed a hierarchical cluster analysis to identify the possible future hydroclimate change groups. Since we were interested in grouping basins with the same overall profiles regardless of their magnitudes, we used the Pearson correlation-based distance as a dissimilarity measure. The correlation-based distance considers two objects similar if their features are highly correlated, even though the observed values may be far apart in terms of Euclidean distance. This is the case of our hydroclimate change assessment, where we want to consider basins as "similar" if their hydroclimatic parameters (e.g., P or R) increase or decrease all together. Each resulting group represents a region with a coherent change in the hydroclimatic parameters relevant for African water availability (i.e., PET/P, E/P, P, and Sm), with distinctive implications for water resources management and specific socialecological issues.
Results

Future Hydroclimatic Change Scenarios
The initial hydroclimatic conditions of the 50 African basins show a close resemblance between the spatial distributions of the aridity (i.e., PET/P) and water partitioning on land (i.e., E/P) throughout the continent (Figure 1) . The initial aridity conditions in Africa from our analysis well reflect the pattern of previous estimates, showing a generally wetter condition in Congo and the western tropical coast (Zomer et al., 2008) . Basins located in the Northwestern Africa and on the Sahel are arid, and precipitation is mostly partitioned into evapotranspiration (i.e., PET/P > 4 and E/P > 0.9), especially in the Chelif, Senegal, Gambia, and Lake Chad River Basins. In Southern Africa, especially the basins in the countries of Namibia and South Africa show equally high evaporative ratios as those of Northern Africa (i.e., 0.9 < E/P < 1.2) although not as high aridity values (2 < PET/P < 3). On the other hand, the tropical strip is the most humid region, with precipitation partitioned mostly into runoff, most notably in the west coast of Central Africa, where basins like Cross and Sanaga have low evaporative ratios (i.e., 0.6 < E/P < 0.7)
Our analysis shows differences in expected hydroclimatic change between the two development pathways (Figure 2 , summarizing the changes in E/P and PET/P from the period 1960-1989 to the period 2070-2099). In the RCP4.5 scenario, PET/P increases in 90% of the analyzed basins, while E/P shows much smaller changes when compared to those in PET/P. The RCP8.5 scenario shows more varied hydroclimatic changes among basins, with about 40% of the basins increasing PET/P (20% with intensity of the shift >0.3) and a range of basins with simultaneous decreasing PET/P and E/P. This trend agrees with the generic behavior described by the relation between E/P and PET/P in the Budyko Framework, where basin movements are more likely to occur in the directions represented by the upper-right or lower-left quadrants of the rose diagram (Gudmundsson et al., 2016; Yang et al., 2008) .
On the contrary, movements in the direction of the lower-right quadrant, corresponding to increasing PET/P and decreasing E/P, and in the upper-left quadrant (decreasing PET/P and increasing E/P) account for almost 40% of the basins under the RCP4.5 scenario but less than 5% under RCP8.5. As such, changes in the partitioning of water into E and R for the RCP8.5 agree more with the expectations from the Budyko-type empirical models than for the RCP4.5, highlighting the driving role of the atmospheric water supply and energy availability on future water partitioning.
Regional Patterns of Future Hydroclimatic Change in Africa
To understand the implications of hydroclimatic changes depicted in the roses (Figure 2 ), we performed a hierarchical cluster analysis on the average changes in E/P, PET/P, P, and Sm separately for arid (PET/ P > 2.4) and humid (PET/P < 2.4) basins (see Figures S2 and S3 for detailed dendograms) . The results suggest that four different groups of basins can represent the patterns of hydroclimatic change for both the RCP4.5 and RCP8.5 scenarios in Africa (Figures 3 and S4) . The error bars indicate the standard deviation-the spread between the average value and the nine ESM-which gives an indication of the agreement between the nine models. Overall, the agreement is lower for R and particularly low for Sm simulations, which are the most uncertain with only 10% of the basins showing a statistically significant change (p < 0.05). The hydroclimate change group 1 shows the most reliable predictions given the highest number of significant 
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changes across all the hydroclimatic parameters. Moreover, the pattern of change is fairly consistent across the two emission scenarios, with all the basins falling into the same groups in both scenarios, with the exception of the three arid basins in East Africa, Ruvu, Pangani, and Messalo, which cluster into group 1 in the RCP4.5 ( Figure S4 ) and in group 2 in RCP8.5 (Figure 3 ).
The basins for each group are spatially distributed in a way that enables a clear delineation of the four regions depicted in Figure 4 , regardless of the scenario. More specifically, group 1 (dark red group in the Sm, from 1960 Sm, from -1989 Sm, from to 2070 Sm, from -2099 for the RCP8.5 scenario. P, E, R, and Sm were derived from climate models' outputs, and PET is the average of two different methods (see section 2). Error bars represent the spread between the nine ESM and statistically relevant changes (Pearson; p < 0.05) are marked with asterisks. The colors of the different parameters are chosen for visual purpose and are consistent throughout the paper. The colors of Δ(E/P) represent the four clusters of hydroclimatic change used from now on-dark red for group 1 (for arid basins becoming more arid), light red for group 2 (for arid basins becoming wetter), dark green for group 3 (for humid basins becoming wetter), and light green for group 4 (for humid basins becoming drier).
Earth's Future following figures) includes five of the most arid basins in Northwestern Africa and the arid basins in Southern Africa, likely to experience a marked increase in aridity and a decrease in P, R, and Sm. Group 2 (light red) includes the Sahel strip and three of the largest African basins-Niger, Chad, and Nile-and it is characterized by decreasing aridity, resulting in a shift toward increasing P, R, and Sm. Group 3 (dark green), including mainly humid basins in tropical Africa, will experience increasing P and R without significant change in aridity conditions, leading to a slight decrease in Sm. Finally, group 4 (light green) is located in Southeastern Africa and embraces four humid basins, including the Zambezi River. These basins will experience a slight increase in aridity and a decrease in P, R, and Sm.
Discussion
Regardless of the future emission trajectory, the 50 largest African basins are likely to experience a similar hydroclimatic direction of change in Budyko space as outlined in the four hydroclimate change groups. The difference in the two scenarios resides mainly in the intensity of the change (although disagreement between models is large) and the dominance of change in P and PET as drivers of changes in water partitioning, both stronger in the business as usual scenario (RCP8.5) when compared to the Paris Agreement one (RCP4.5).
In our basin-scale assessment, precipitation and runoff show a decreasing trend in the northern and southern regions of the continent (groups 1 and 4) and an increasing trend in tropical Africa and the Sahel (groups 2 and 3), which corroborates the results of previous studies (Dai, 2011a Milly et al., 2005) . With the exception of group 2, soil moisture shows mostly a downward trend in RCP8.5. The change in PET/P is a critical factor to interpret these changes. The PET/P trends in our results are in line with the widespread scientific opinion of the aridification of Southern and Northern Africa for both RCPs (Dai, 2011a Feng & Fu, 2013; Fu & Feng, 2014; Scheff & Frierson, 2015) . However, our results highlight a decrease in PET/P over the Sahel region (group 2), which can be the main driver of increasing soil moisture. Similarly, the moderate increase of PET/P in group 3 could explain the decrease of soil moisture despite the increase in precipitation and runoff, discussed further in detail.
The expected hydroclimatic changes for Africa can produce mixed effects on water resource management, potentially exacerbating water scarcity in the most critical regions of dry North and Southern Africa, whereas bringing potential benefits to food production and natural vegetation in the Sahel, currently experiencing a greening phase (Herrmann et al., 2005) . The hydroclimate change regions are presented in combination with some relevant agriculture-related socioeconomic indicators in Figure S5 to provide further guidance for understanding the social-ecological implications in the key African countries.
Group 1 (dark red basins in Figures 3-5 ) covers the arid regions of Northwestern and most of Southern Africa, dominated by pastoral lands and extensive cropping systems. These regions are likely to experience a marked increase in aridity and a decrease in long-term P, R, and Sm. This group includes Algeria and South Africa, which are the countries with the most intensive use of irrigation (You et al., 2011) and currently the most affected by water scarcity in the continent (Hoekstra et al., 2012) . The projected hydroclimatic changes will increase the need of irrigation on one hand and decrease the availability of water for agriculture on the other hand, thus increasing the pressure on groundwater resources and potentially damaging agricultural productivity in both rainfed and irrigated fields. Another hotspot country is Mali, where extensive agriculture, supporting over 30% of the national gross domestic product (GDP), is concentrated in the Senegal basin, which will experience a decrease in precipitation and a marked increase in aridity. This long-term scenario appears heavily unsustainable for natural vegetation and human life, especially considering that the African population is expected to double by 2050 (Gerland et al., 2014) . The widespread aridification underlines the need to implement agricultural practices able to cope with high PET in a context of reduced water availability. Basins in this group would benefit from practices such as (i) mulching and intercropping to avoid rapid soil evaporation, (ii) terracing to increase infiltration and increasing soil moisture, and (iii) rainwater harvesting techniques to make the best use of the scarce and seasonal precipitation. These practices are particularly effective in contrasting desertification in the arid and semiarid fringes of Senegal and Namibia, where combined intercropping and mulching increased crops yield considerably (Oweis & Hachum, 2006; Trail et al., 2016) . Nevertheless, the rate of adoption of these practices among farmers is still low (Kahinda et al., 2008) .
The second group (light red) embraces pastoral land and extensive cropping systems in the Sahel strip, characterized by arid basins with a projected increase in P resulting in increasing R and Sm. The Sahel is a region suffering from drought and famine, with large amount of undernourished population (58% in Central African Republic and 39% in Uganda with 39% and between 32.5% in Chad, 26% in Sudan, and 29% in Ethiopia). The economy of these countries is strongly dependent on agriculture (up to 51% of total GDP in Chand and Central African Republic) despite the current low crop yield. Crop production in the Sahel has a great potential for improving yields through irrigation (Jägermeyr et al., 2016) , and it could benefit from increasing P and R. However, the presence of some of the largest African transboundary basins (Niger, Chad, and Nile) could rise upstream-downstream conflicts in water resources management, as has already happened between Ethiopia, Sudan, and Egypt over the Nile River (Swain, 2011) . In fact, in these countries, barren lands and pastoral systems dominate the landscape and agriculture is heavily dependent on freshwater resources near rivers. Moreover, other trade-offs in water use might emerge between irrigation, urban water supply, and energy production-for example, hydropower, which is gaining popularity in Ethiopia (Bartle, 2002) . In this context, the increase in P could represent a good opportunity to improve food production if properly harvested. For instance, water harvesting practices can be effectively used to increase water productivity in rainfed agriculture, increasing the yield without affecting downstream regions (Dile et al., 2016; e.g., Egypt) , thus saving freshwater resources for other activities.
Group 3 (dark green) comprises the tropical forests of Central Africa, including the Congo and some coastal areas of Central and Western Africa. This group will experience an increase in precipitation and a slight increase in PET/P that will result in higher R in tropical humid/subhumid basins. The increasing P could benefit rainfed crop production in countries as Ivory Coast, Benin, and Togo where agriculture covers more than 70% of the land and has a strong influence on the economy (around 30% of GDP). However, the additional precipitation could likely come from stronger tropical cyclones (Knutson et al., 2010) , thus increasing the R to P ratio and explaining the expected decrease in Sm. In fact, steady moderate P infiltrates more easily into the soil, increasing Sm, while the same amount of P concentrated in shorter periods causes higher R (possibly flooding) leaving soils eventually much drier (Trenberth et al., 2003) . The same mechanism is also likely to promote nutrient loss because of the washout of the topsoil layer during extreme events, with negative consequences for agricultural productivity as already observed in the Congo basin (Few et al., 2014) . National authorities should consider strengthening flood risk prevention plans, particularly in view of the expanding urban settlements. On the agricultural side, terracing and other slope control measures can prevent soil erosion and increase infiltration. Positive examples of these practices can be found across different
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Earth's Future Figure 5 . Implications of hydroclimatic changes for future water resources in Africa. The map (a) shows the 50 African basins divided in the four hydroclimate change groups in the RCP8.5 (as in Figure 4 ) overlaid to the land system archetypes (LSAs) map developed by Václavík et al. (2013) . The LSA synthetizes the main social-ecological systems in Africa. The panel (b) is a graphic synthesis of the future hydroclimatic changes in Africa. The relative magnitude of water fluxes is depicted for precipitation (P), runoff (R), soil moisture (Sm), and aridity (PET/P) between the periods 1960-1989 (dashed) and 2070-2099 (colored) . The four groups are the outcome of the cluster analysis, combining initial aridity conditions (PET/P < 2.4 and PET/P > 2.4) with the two sets of changes in PET/P, E/P, P, and Sm foreseen in Africa. The icons in the four groups serve to illustrate the potential implications of changes in hydroclimatic parameters on African social-ecological systems.
social-ecological context of Uganda, Rwanda, and Burundi (Liniger et al., 2002; WOCAT, 2017) , where slope control measures helped contrasting excessive R and increasing Sm, leading to increased crop production and food security.
The last group (light green) includes six humid Southern African basins (e.g., the Zambezi River basin) with a projected increase in PET/P and decrease in P, R, and Sm. These hydroclimatic changes will result in less water available for both natural vegetation and rainfed agriculture in inland areas, with a particularly negative impact on the vast semiarid grasslands. These grasslands are most dependent on precipitation resources for vegetation growth and ecosystem's health (Weltzin et al., 2003) . Grazing activities could put further pressure on rangelands increasing the risk of desertification triggered by increasing aridity. The Zambezi, for instance, is one of the largest rivers flowing on semiarid lands, making social-ecological systems notably dependent on its seasonal flooding cycles. The projected decrease in R could thus reduce or change flooding patterns, threatening the rich biodiversity of its delta, closely dependent on river discharge. Zambia represent a particularly sensitive situation, with 46% of undernourished population, but with an increasing crop production that may be at severe risk from hydroclimatic change. It is important to notice that in this group, the intensity of the hydroclimatic changes is essentially identical in both RCPs, suggesting that CO 2 emission reduction policies alone might not be enough to prevent the negative effects of climate change on water resources (decrease in P, R, and Sm). Decision makers could subsidize agricultural management practices that optimize the use of precipitation resources to compensate the possible loss of rainfed crop production and help cope with increasing risk of aridification. For instance, in Zambia (WOCAT, 2017) small Earth dams are being successfully used to collect runoff and provide irrigation and water for livestock.
Given the high uncertainty of model's projections and the weak agreement between models (especially regarding soil moisture simulations), this study does not aim to predict the impacts of hydroclimatic change on the socioeconomic activities of Africa. Rather, the aim of this study is to provide a general overview of the implications of future hydroclimatic change on water resources at the continental scale so as to provide guidance for large-scale policy decision making to support freshwater resources and agricultural development.
Even if the Paris Agreement represent a potential desirable scenario to limit depletion of African water resources in key regions such as Northern and Southern Africa, its effectiveness is largely conditioned by the most developed countries outside of the continent. African countries can instead have more jurisdiction on local land management plans and thus directly contribute to preserve freshwater resources using sustainable agricultural practices. There are barriers to the implementation and spreading of the recommended agricultural management practices (e.g., mulching and rainwater harvesting), especially the financial costs in the implementation phase, higher labor required for some practices, and the high level of knowledge needed to properly implement and maintain these practices (Liniger et al., 2019) . This paper delineates the potential use and the purpose of some of these practices to cope with hydroclimatic changes in the four key hydroclimate change regions of the African continent to inform policy and funding plans that could overcome these socioeconomic barriers and facilitate the implementation of such practices.
Conclusions
Hydroclimatic conditions following the Paris Agreement are likely to affect water resources in Africa less than the business as usual scenario, but in either case, African basins will consistently experience hydroclimatic change as outlined across the four groups here presented. This result highlights the potential of our hydroclimatic assessment to provide a roadmap to understand the major implications of hydroclimatic change on water resources and plan for effective and sustainable adaptation strategies at the regional level.
Climate change can induce unequal water availability in terms of precipitation and runoff, leading to reductions in irrigation potential, agricultural production, and possibly exacerbating conflicts over water resources in Northern and Southern Africa. On the other hand, some hydroclimatic changes can potentially provide more water to the key region of the Sahel, where water and land conservation practices such as water harvesting can promote agricultural production for the growing population. Sustainable land management can be extremely important to preserve and improve soil moisture and limit soil evaporation in regions with projected increase in PET/P, supporting food production under drier conditions (Southern and Northern Africa) and preventing soil loss and floods damage in wet regions (basins in tropical Africa).
10.1029/2019EF001169
However, more policies and funding are needed to make the spreading of these practices feasible and effective at larger scales. FORMAS (942-2015-740) . We acknowledge the World Climate Research Programme's Working group on Coupled Modelling, which is responsible for CMIP, and we thank the climate modeling groups (listed in Table S1 ) for producing and making available their model output. The source code for the data processing and analysis developed in this study is freely available at https://github.com/ piemonteseluigi/Africa_Future_ Hydroclimate.git.
